The molecular evolution of cytochrome c from angiosperms is compared to that from vertebrates. On the basis ofa cladistic analysis from 26 plant species, compared to that from 27 vertebrate species, we find that although the vertebrate sequences yield reasonably well-defined minimal trees that are congruent with the biological tree, the plant sequences yield multiple minimal trees that are not only highly incongruent with each other, but none of which is congruent with any reasonably biological tree. That is, the plant sequence set is much more homoplastic than that of the animal. However, as judged by the relative rate test, the extent of divergence, and degree of functional constraint, cytochrome c evolution in plants does not appear to differ from that of vertebrates.
Introduction
Botanists have long had difficulty in classifying flowering plants into unambiguous higher taxonomic groups (Stevens 1984 (Stevens , 1986 Dahlgren and Bremer 1986) . The problem in plant taxonomy is the widespread existence ofconvergences, or more generally homoplasies, of gross morphological characters (Vavilov 1922; Went 1971; Dahlgren and Bremer 1986) . Whether plants are qualitatively different from animals in this regard is unclear because these two kingdoms do not share homologous organs; thus, the criteria that define higher taxonomic groups within the two kingdoms defy comparison. We have Offprint requests to: M. Syvanen therefore examined this question by determining the molecular phylogenies of the strictly comparable cytochromes c from plants and vertebrates. There have been earlier indications that molecular systematics in plants is confronting difficulties (Boulter et al. 1979; Martin et al. 1985 ) that apparently result from highly homoplastic data sets (Peacock and Boulter 19 7 5; Peacock 19 81) , though whether or not plants and animals differ quantitatively in this regard has not been explicitly addressed.
Methods
Sequences of the plant cytochrome c were determined by Boulter (1974) ; we obtained these sequences from computer files maintained by the National Biomedical Research Foundation (N.B.R.F.). Sequences for the vertebrate cytochrome c were also obtained from the N.B.R.F., except for those of the tuna, lofts, rattlesnake, lizard, and lamprey, that were obtained from files maintained by Morris Goodman. Minimal replacement length trees were determined using a computer program entitled PAUP provided by David Swofford of the Illinois Natural History Survey. This program infers phylogenies using maximum parsimony where the overall number of character changes in the data set are minimized. The raw cytochrome c sequences were edited in the following ways: ambiguous assignments (such as B, Z, and X in the one letter amino acid code) were replaced with "?." Plant cytochromes c vary in length at their C termini; these length differences were coded and given the same value as a single amino acid. Alignment of the sequences is the same as given by Dayhoff (1978) .
Results

Greater Homoplasy in Plant Phylogenetic Trees
We first compare the amount of homoplasy found when either plant or animal cytochrome c sequence Fig. 1 . Unrooted phylogenetic trees of (a) plants and (b) animals. These trees were constructed starting from an initial best-estimate of relatedness based upon all available characters, a The relative position of the internal nodes between points x and y have the greatest uncertainty, b The relative arrangement of the various vertebrate classes is not disputed, although we have arbitrarily assumed that the various mammalian orders radiated from a point.
differences are used to determine the lengths of their respective phylogenetic trees. Table 1 lists the different plant and vertebrate species considered in this study and Fig. 1 presents unrooted trees for those species based upon traditional taxonomic characters. (Note: this is n o t a minimal cytochrome c tree; those are given below.) For the plants (Fig. 1 a) , the tree represents little more than a guess, and there is a fair amount of uncertainty in the linkage arrangements. There are a number ofuncontroversial points: (1) angiosperms (taxa 1-25) are monophyletic, (2) monocotyledons (taxa 21-25) are monophyletic, and (3) the arrangement of the dicotyledons (taxa 1-20) into their respective families is not questioned. Therefore, the major uncertainty in Fig. la is in the relationships of the dicotyledon families with one another; this area of ambiguity lies especially between points x and y along the main trunk. The vertebrate tree (Fig. lb) is not problematic, except where we show all the mammalian orders radiating from a point; because the cytochrome c sequences (see below) do not resolve these nodes in any case, we need not concern ourselves with them. The length of the trees in Fig. 1 was calculated using the Swofford program (see Methods); ancestral sequences were determined at each node and related to the extant sequences at the end of each branch by assuming the minimal number of amino acid substitutions (see Table 2 ). The length of the tree, therefore, is given in units of amino acid substitutions. An ancestral and descendant sequence may be equivalent, which means that the calculated distance between some of the nodes may be zero or otherwise different from the relative lengths of the various branches shown in Fig. 1 . In addition, with this kind of unrooted tree analysis, the single ancestral sequence for all of the taxa remains unidentified.
The consistency index provides an indication of the amount of homoplasy. This index is defined as the ratio of the minimum number of amino acid changes needed to account for the differences seen in the protein sequences when these changes are not imposed upon any tree topology, divided by the length of the given tree. There is a difference in the consistency index between plants and animals. For example, with plants, the 84 character differences from the entire data set require 161 amino acid changes when imposed upon the topology of the tree in Fig. la (consistency index = 0.50), whereas with animals, the 85 amino acid differences require only 125 corresponding changes (consistency index = 0.68). The nature of the homoplastic changes seen in these two cases is displayed by a histogram in Fig. 2 . The difference between plants and animals is striking. The same change occurring three or more times in the plant tree is not uncommon, but only one such change is seen in the animal tree. There Fig. 3a 138 0.59 Minimal tree Fig. 3b 137 0.59 Minimal tree Fig. 3c 139 0.58 Animals Phylogenetic tree 129 0.66 Minimal tree Fig. 4a 121 0.71 Minimal tree Fig. 4b 120 0.70 Minimal tree Fig. 4c 120 0.71 are also m a n y m o r e reversals in the plant tree than are seen in the animal .tree. (However, because the tree is unrooted and character change polarity is undetermined, " t r u e " ancestral sequences are unknown; this makes identifying reversals problematical.)
Multiple (and Highly Incongruent) Minimal Plant Cytochrome c Trees
Presence of the homoplasies in the plant tree m a y be due quite possibly to serious error in the tree shown in Fig. la , and perhaps a better (i.e., m o r e parsimonious) tree for the cytochrome c sequences could be found. To do this we used another feature o f the program P A U P that is designed to find shorter t r e e s --o n e branch is swapped through the tree and the length o f each resulting tree is measured; this process is continued until a shorter tree can no longer be found. In the first analysis, the tree in Fig. la was used as a starting point after which the significantly shorter tree shown in Fig. 3a was obtained. This is not necessarily the shortest possible tree, only the shortest one the program could find beginning with that particular topology. Therefore, we repeated the analysis, but provided other starting topologies; in Fig. 3b , the starting topology is taken from Boulter (1974) , whereas in Fig. 3c the starting topology is obtained by arbitrarily scrambling the taxa in a bifurcated tree. As can be seen in Fig. 3 , each of these yields different trees, trees that are extensively incongruent with each other, but, nevertheless, are all about the same length (137-139 in Table 2 ). In addition, none o f the m i n i m a l trees clearly resembles the tree from Fig. 1 . This program determines the lengths between nodes, so the profiles in Fig. la andb provide the topology, whereas branch lengths are determined from the protein sequences. "'Type of amino acid changes" refers to the number of times that the same amino acid change appears in the tree. Therefore, homoplastic changes are given by "r" and n >--2. No distinction is made between parallel and convergent changes, whereas "r" indicates reversals. On two occasions the same reversal occurs twice; these are each counted twice. Designation of "ancestral" is arbitrary in identifying reversals.
branch, some dicotyledons are included or they m a y be placed on different branches. Most of the families do cluster, though some of the trees break up the Asteraceae. Abutilon and cotton ( Fig. 3b and c) cluster in a way that suggests they form a paraphyletic group, although relationships between the Euphorbiaceae (castor) and Malvaceae (abutilon and cotton) have been suggested. Besides the m i n i m a l trees shown in Fig. 3 , we determined a p p r o x i m a t e l y four other m i n i m a l trees that were found beginning with either r a n d o m initial topologies or with no initial topology; again, m i n i m a l trees highly incongruent with each other and with those in Fig. 3 were seen. Is this difficulty in using the a m i n o acid differences provided by the plant cytochrome c sequences a p r o b l e m with cytochrome c itself or is it unique to plants? To test this, we p e r f o r m e d a similar minimal tree analysis using the animal c y t o c h r o m e c sequences. Figure 4a gives the m i n i m a l tree calculated from the initial topology presented in Fig. lb . The tree in Fig. 4a reproduces information that has been published on cytochrome c evolution in animals (Langley and Fitch 1974 ; D a y h o f f 1978). These sequences reconstruct realistic phylogenetic relationships, even though we can see that the rate of primate cytochrome c evolution is faster than other m a m m a l i a n orders and that snake evolution is also unusually fast. These aberrant rates do not interfere with their correct assignment, however. In order to Fig. 3 . Minimal plant cytochrome c trees. These three minimal trees were calculated using PAUP. The space bar in the lower right-hand corner designates the distance of one amino acid substitution. The different trees were obtained because different initial topologies were used. The following initial topologies are listed using a bifurcated convention described in the instructions to PAUP. The numbers refer to the respective plant taxa as in Table 1 (((((((3,4) 1) ((5,6) 15)) 13) ((9,10) 14)) ((7,8) (11,12))) ((((21,22) 25) (23,24)) (((16,17) 2) 18))) (19,20)) 26). e Initial topology generated arbitrarily; (L = 175) ((( ((((1,12) (3,13) ) (4,14) (5,23)) ( (7,15) ((21,2) ((25,22) ((8,10) ((9,17) ((10,18) ((1 l, 19) (20,26)))))))))6) 24).
see if other equally parsimonious but highly incongruent vertebrate trees could be found, we repeated the minimal tree search using either six different and arbitrary initial topologies or no initial topology; two of the resulting trees are shown in Fig. 4b and e. A few inconsistencies are observed in these minimal trees. The most striking is caused by unexpected similarity between the snake and the primates (Fig. 4c) , and a separation of the branch containing birds, reptiles, and amphibians from that of the fish (Fig. 4b and c) . However, even with these inconsistencies, broad relationships are preserved.
The situation with the animal trees contrasts sharply with that of plants. This is apparent in a number of ways. The difference in the length between the initial animal tree (129) and the minimal animal trees (120 or 121) is quite small. That is, a biologically reasonable phylogenetic tree is nearly as short as is the minimal replacement tree. This is in contrast to the plants, where the minimal trees are much shorter than the initial phylogenetic tree. In addition, as can be seen in Table 2 , the plant minimal trees have more homoplasy (consistency index = 0.59) than do the animal minimal trees (consistency index = 0.70-0.71). Finally, the animal trees show greater congruency with one another than do the plant trees. An estimation of this can be made using a congruency measure proposed by Waterman and Smith (1978) . In this procedure the number of steps required to shift the topology of one tree into a second is computed (Table 3) . Using this approach we find that the four vertebrate trees (from Figs. I b, 4a, b, and c) are, on average, 7.3 steps removed from each other (in the six pair-wise comparisons the values range from 4 to 12), whereas the four plant trees (from Figs. la, 3a, b, and c) are, on average, 31.3 steps removed from each other (where in the six pair-wise comparisons the values range from 27 to 37).
Plant and Vertebrate Cytochromes c Show Comparable Evolution
We could imagine that the types of mutations that are tolerable to plants differ from those that are tolerable to animals and this causes the nature of cytochrome c evolution to be different in these two cases. Or possibly, evolution of plant cytochrome c is so extensive that the phylogenetic tracks have been lost. If so, we might expect to see less functional constraint or more variation among the plant sequences. However, from inspection of the sequences, both plants and vertebrates have 34 variable sites (noted in legend to Table 1 ) and molecular distance between sequences is quite comparable (see distance matrix Table 1 ). This latter point is shown ((((((((((7,4) (l 2,20)) ((8,13) (18,2))) (((23,10) (16,25)) ((15,21) (24,11)))) (17,27)) (3,19)) (9,5)) (26,22)) (14,6))1).
by the average molecular distance between plant sequences as c o m p a r e d to vertebrate sequences (Table 4a). Furthermore, not only is the magnitude o f sequence differences nearly the same for both plants and vertebrates, but we can show that their rates of evolution are roughly comparable. This is illustrated by the relative rate test (Sarich and Wilson 1967) that measures both the extent and the variation in rate of sequence evolution (Table 4b ). In this test the molecular distance between an outgroup taxon (for example, the ginkgo) and each m e m b e r o f a monophyletic cluster (for example, the 25 angiosperms) is determined. N o t e that the molecular distance is the n u m b e r of differences between two species under comparison, not actual lengths through a tree. I f the rates o f evolution for the different m e mbers of the monophyletic cluster are approximately the same, then the distance between each o f these m e m b e r s and the outgroup taxa will be the same, and therefore, the variation in rate for the different lineages can be revealed by the standard deviation of those distances. As can be seen (Table 4b ), both the m e a n and the variation in distances for the plants are basically the same as that seen with vertebrates. Thus, both the extent of divergence and variations in rate are about the same in plants as in animals.
Strictly speaking, we cannot say that the rates are exactly the same for plants and animals. The lineage giving rise to conifers and ginkgo probably separated from that giving the angiosperms in the U p p e r Car- Table 1 as well as the indicated invertebrate and fungal sequences were used in the tree construction. Only those regions of the sequence homologous throughout the entire set were used to construct the tree. The topologies from the unrooted trees in Figs. la and 3 (plants) and from lb and 4 (animals) are compared against one another, respectively. This congruency test (Waterman and Smith 1978) is performed by converting the topology of one of the two trees under comparison into the topology of the second. This is done by moving branches that may have one or more associated taxa from one point in the tree to a second point by following trunks. The magnitude in the table refers to the number of nodes that are crossed as a branch is moved through a tree. Trifureated and higher nodes are weighted the same as bifurcated nodes, otherwise the distance between nodes does not influence the magnitude. In order to find the shortest path between the two topologies, we constructed intermediate trees that were not justified either on the basis of any phylogenetic or parsimony considerations. The operation of moving branches was performed manually, and a path with the shortest possible distance was sought b o n i f e r o u s a b o u t 260 x 106 years ago (Rothwell 1982) . [ A l t h o u g h d i v e r g e n c e o f the e x t a n t angio- "This is the average distance between all pairs in the set. Character difference distances (d~j) are determined by aligning two cytochrome c sequences from different taxa and counting the number of amino acids that differ; these are derived from the fractional values shown in Table 1 
The Minimal Eukaryotic Tree
I n a d d i t i o n to s h o w i n g m o l e c u l a r clock b e h a v i o r , p l a n t c y t o c h r o m e c e v o l u t i o n is c o n s i s t e n t with overall e u k a r y o t i c e v o l u t i o n . I f we c o n s t r u c t a single m i n i m a l tree u s i n g b o t h a n i m a l a n d p l a n t cytoc h r o m e c s e q u e n c e s as well as those f r o m s o m e i nv e r t e b r a t e s a n d fungi, the tree s h o w n in Fig. 5 is o b t a i n e d . T h i s is a m i n i m a l tree as d e t e r m i n e d b y P A U P . A few salient points: the r e l a t i o n s h i p o f the v a r i o u s k i n g d o m s to o n e a n o t h e r is r e a s o n a b l e , the r e l a t i o n s h i p s a m o n g the m e t a z o a n p h y l a are accurate, a n d again we see that the v a r i o u s v e r t e b r a t e classes are c o n v e n t i o n a l l y related. But the r e l a t i o nships a m o n g the p l a n t s t h e m s e l v e s are a g a i n highly i n c o n g r u e n t with a n y c o n v e n t i o n a l e x p e c t a t i o n .
Discussion
H o m o p l a s y a p p e a r s to rule p l a n t e v o l u t i o n ; this is seen for b o t h m o r p h o l o g i c a l as well as m o l e c u l a r character sets. T h e fact that h o m o p l a s y is so extensive a m o n g the a n g i o s p e r m s has m a d e it i m p o s s i b l e to i d e n t i f y higher t a x o n o m i c groups; this d i s t i nguishes e v o l u t i o n in p l a n t s f r o m t h a t in a n i m a l s . I n a n u m b e r o f respects the p l a n t c y t o c h r o m e c a p p e a r s to have evolved in a well-behaved fashion, not differently from other eukaryotic cytochrome c. The plant sequences diagnose their own kingdom ( Fig.  5 ) and their rate of change appears relatively uniform (Table 4b) . We have compared the plant sequences to the vertebrate sequences in order to control for homoplasies caused by random genetic drift and covariation (Fitch 1967; Peacock and Boulter 1975; Peacock 1981) in the protein. We may conclude that evolution in plants is qualitatively different from that in animals. Gross morphological characters may be attributed to natural selection, whereas protein sequence characters are explained by stochastic events according to the neutral theory. The fact that homoplasy in plants is seen with both sets of characters strongly suggests that the homoplasy is not caused by natural selection acting at the organismal level but rather is the result of underlying genetic mechanisms. How the molecular genetics of plants and animals differ in this regard remains to be determined.
